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Nitrogen adsorptionSupercritical drying (SCD) and hydrophobic ambient pressure drying (APD) aerogelswere prepared fromhydro-
lysis of tetraethoxysilane in solutions of poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene oxide)
(P123) in the range of composition below the threshold for the ordered mesoporous silica precipitation. APD
was carried out after silylation of wet gels with trimethylchlorosilane (TMCS) or hexamethyldisilazane
(HMDZ). The samples were analyzed by small-angle X-ray scattering and nitrogen adsorption. Wet gels are
formed by mass-fractal domains, with fractal dimension close to 2, and larger pores superposing the pores be-
longing to the fractal structure in case of high P123 concentrations. Aerogels exhibit smaller-sized mass-fractal
domains with larger mass-fractal dimension accounting for some porosity elimination on drying. The pore vol-
ume of the aerogels increases signiﬁcantly with the P123 amount and it is even larger in the APD aerogels
than in the SCD aerogels.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
A large variety of silica-based glasses and glass ceramics has been
obtained by sol–gel process from the hydrolysis of tetraethoxysilane
(TEOS) [1]. The overall process involves hydrolysis and polyconden-
sation reactions that often lead to the formation of a gel structure.
Drying is the most critical step of the sol–gel process in obtaining
monolithic gels. Two methods are commonly employed in producing
dried gel: supercritical drying (aerogels) and evaporation drying
(xerogels). Most of the porosity present in the as-prepared wet gel is
eliminated on drying in obtaining of xerogels because of the collapse
of the silica network into the liquid phase as a result of the compressive
stress imposed by capillary forces of the liquid on drying [2]. Aerogels
are highly porous silica-basedmaterial since the supercritical extraction
suppresses capillary forces avoiding the silica network collapse [1].
Direct applications of aerogels are limited in several areas because of
the brittleness of the very porous silica network structure under even
low humid environments. To diversify the applicability of the aerogels
in some areas, ambient pressure drying (APD) has been employed to
obtain porous hydrophobic aerogels [3–5], after silylation in liquid
phase of the silica surface. Silylation replaces the\H from hydrophilic
Si\OHgroups of the silica surface for stable hydrophobic\SiR3 groups.
Typical chemical silylating agents are trimethylchlorosilane (TMCS) and
hexamethyldisilazane (HMDZ). Silylation prevents the silica network
collapse on subsequent drying [6], and the hydrophobic surface of therights reserved.aerogels prevents further structure deterioration in humid environ-
ments [2].
The incorporation of copolymers during the hydrolysis step has fa-
cilitated in obtaining mesoporous materials with interesting structur-
al proprieties for applications in several areas such as catalyst support
[7], adsorption [8], drug delivery [9], and thermal insulation [10].
Particularly, the nonionic amphiphilic poly(ethylene oxide)20–poly
(propylene oxide)70–poly(ethylene oxide)20 block copolymer (Pluronic
P123) can form interesting micellar systems in aqueous medium
[11–14] and it has been used for the preparation of well-ordered
mesoporous silica structures [15]. These materials are synthesized
under conditions where silica-surfactant self-assembly occurs simulta-
neously with the silica condensation of hydrolyzed species of TEOS,
yielding the precipitation of a series of well-ordered mesoporous silica
structures [15–21]. A typical P123 concentration used to prepare
well-ordered hexagonal mesoporous silica structure (SBA-15) is about
2.5 wt.% of the reaction mixture [21]. It has been established [15] that
concentrations of P123 higher than 6 wt.% of the reaction mixture
yield only silica gel or produce no precipitation of silica, whereas con-
centrations of copolymer below 0.5 wt.% result in only non-ordered
mesoporous silica structures. Indeed, we have observed that, under cer-
tain experimental conditions, the hydrolysis of TEOS in medium with
concentrations of P123 below about 1.7 wt.% of the reaction mixture
produces no silica precipitation, but the formation of a silica sol that
eventually can form a monolithic gel. Although the structure and the
properties of the ordered mesoporous silica precipitates have been ex-
tensively studied [15–21], the structural characteristics of themonolith-
ic gels formed using P123 concentrations below 1.7 wt.% (apparently
the threshold for the silica precipitation) have not been studied
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TEOS-derived silica gels prepared with concentrations of P123 below
the threshold for the ordered mesoporous silica precipitation. The gels
were studied as obtained (wet gels), after supercritical drying (SCD),
and after ambient pressure drying (APD) using TMCS and HMDZ as
silylating agents. The samples were studied by small-angle X-ray scat-
tering (SAXS) and nitrogen adsorption.2. Material and methods
A starting Pluronic P123 water solution of about 2.7 wt.% was pre-
pared using a HCl water solution and mechanical stirring for 24 h at
35 °C. The HCl concentration of the starting P123 solution was about
1.6 mol·L−1. Sols of silica were prepared from hydrolysis of a ﬁxed
amount of TEOS in different quantities of the starting P123 solution
and HCl-acidiﬁed water in order to yield samples with P123 concentra-
tions of 0, 0.4, 0.8, 1.2, and 1.6 wt.% of the reaction mixtures (values
below the threshold for the silica precipitation), TEOS concentration of
about 37 wt.% of the reaction mixture, and ﬁnal HCl concentration of
about 1.0 mol·L−1. The hydrolysis was carried out under vigorous me-
chanical stirring at 35 °C for 60 min in reﬂux conditions.
The hydrolyzed sols were cast in sealed plastic containers for gela-
tion and aging for 15 days at 40 °C to obtain monolithic wet gels. The
wet gels were washed with ethanol to remove the P123 yielding a set
of monolithic wet gels named W0, W04, W08, W12 and W16, associ-
ated respectively with the P123 concentrations of 0, 0.4, 0.8, 1.2, and
1.6 wt.% used during hydrolysis.
Monolithic aerogels A0, A04, A08, A12 andA16were obtained by ex-
changing ethanol by liquid CO2 from the corresponding wet gels W0,
W04, W08, W12 and W16 in an autoclave, followed by supercritical
CO2 extraction. Fig. 1 (A) shows a photograph of a sample of the aerogel
A12.
Monolithic hydrophobic ambient pressure dried (APD) aerogels
were obtained from the set of wet gels W0, W04, W08, W12 and W16
washed thoroughly in a 10%-volume solution of trimethylchlorosilane
(TMCS) or hexamethyldisilazane (HMDZ) in isopropyl alcohol (IPA)
for silylation. The silylated samples were ﬁnally washed in pure IPA.
The ambient pressure drying was carried out at 40 °C for 7 days to
yield the set of APD aerogels T0, T04, T08, T12 and T16 (from TMCS)
and the APD aerogels H0, H04, H08, H12 and H16 (from HMDZ), corre-
spondingly derived from the wet gels W0, W04, W08, W12 and W16.
Fig. 1 (B and C) shows photographs of the monolithic hydrophobic
APD aerogels T12 and H12.
With the exception of wet gels, all other samples of aerogels were
degassed at 120 °C for no less than 24 h before they were measured
by SAXS and nitrogen adsorption.Fig. 1. Photographs for monolithic SCD aerogel (A), APD aerogel after silylThe SAXS experiments were carried out using synchrotron radiation
with awavelengthλ = 0.1608 nmat the SAXS beamline of theNational
Synchrotron Light Laboratory (LNLS), Campinas, Brazil. The beam was
monochromatized by a silicon monochromator and collimated by a set
of slits deﬁning a pinhole geometry. A 2D position sensitive X-ray detec-
tor was used to obtain isotropic SAXS intensity I(q) as a function of the
modulus of the scattering vector q = (4π / λ)sin(θ / 2), where θ is the
scattering angle. The experimental setup allowed us to get SAXS data
from q0 = 0.077 nm−1 up to qm = 1.68 nm−1 with resolution of
about 4 × 10−4 nm−1. The data were normalized with respect to the
beam intensity and corrected by sample attenuation and parasitic scat-
tering. Absolute units for the intensity have not been obtained. To avoid
additional corrections in order to compare the intensities from different
samples, possibly with different number of scattering motives in the ir-
radiated volume, only the form factor of the function I(q) was used to
analyze the SAXS data. No arbitrary background subtractionwas carried
out in the data.
Nitrogen adsorption isothermswere obtained at liquid nitrogen tem-
perature using a pore analyzer apparatus (ASAP 2010 Micromeritics).
The adsorption data were analyzed for the BET speciﬁc surface area
(SBET), the total pore volume per mass unit Vp, as measured by the
total volume of nitrogen adsorbed at a point close to the nitrogen satu-
ration pressure, and the mean pore size lp = 4Vp / SBET [22].
3. Results and discussion
3.1. Wet gels
Fig. 2 shows the SAXS intensity I(q) as a function of themodulus q of
the scattering vector for the wet gels W0,W04,W08,W12 andW16. In
general, the curves in Fig. 2 can be described as a mass-fractal structure
limited at low-q by a ﬁnite characteristic size of the fractal domain. For a
mass-fractal structure [23], the mass m(r) inside a sphere of radius r,
measured from the center of mass of the fractal domain, is given by
m(r) ∝ rD in an interval of length between ξ≫ r≫ r0, where ξ is the
characteristic length of the fractal domain and r0 is the characteristic
size of the primary particle building up the fractal, and D is the dimen-
sion of the fractal structure, a value in the range 1 b D b 3 for a
mass-fractal. The scattering intensity I(q) for such a system is a
power-law on q, within the interval ξ−1≪ q≪ r0−1 of the reciprocal
space q, which can be cast as [23]
I qð Þ ¼ Aq−D ð1Þ
where A is a constant. The effect of the upper (ξ) and the lower (r0) cut-
offs on the power-law scattering has been established [24,25]. An ap-















Fig. 2. SAXS intensity of the wet gels obtained from hydrolysis of TEOS in different con-
centrations of the copolymer Pluronic P123. Small circles are experimental data and
red lines are ﬁtting of Eq. (2), except for the samples W12 and W16 which were ﬁtted
by the sum of Eqs. (1) and (3). The curves were shifted vertically for the sake of clarity.
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ture built up by very small non-resolved primary particles, is given by
[26]
I qð Þ ¼ B sin D 1ð Þarc tan qξð Þ½ = 1þ q2ξ2
  D−1ð Þ=2
D−1ð Þqξ ð2Þ
where B is a constant for a givenD and ξ. Eq. (2) has a crossover at low-q
from the power-law behavior which is deﬁned by the characteristic
length ξ. Eq. (2) shows no crossover at high-q as it just tends to
Eq. (1) at high q. The minimum length scale r0 which could be experi-
mentally probed by SAXS at high-q in our experimental setup is
given by r0 > 1 / qm ≈ 0.6 nm, which corresponds to a Bragg distance
2π / qm ≈ 3.7 nm, a criterion often adopted as a conservative position
to deﬁne the resolution in small-angle literature [27]. A mass-fractal
system built up by primary particles with diameter smaller than about
3.7 nm would present no crossover at high-q up to qm = 1.67 nm−1
accounting for the transition from the power-law Eq. (1) to a Porod's
law behavior, as experimentally observed for all samples probed by
SAXS in the present study. Fig. 2 shows Eq. (2) ﬁtting well to the SAXS
experimental data for the samplesW0,W04, andW08,with the param-
eters ξ and D shown in Table 1.
The characteristic size ξ increases with the additions of P123 since
the crossover at low-q from the power-law scattering shifts toward
the low-q region by increasing the P123 amount. The maximum
length scale experimentally probed by SAXS at low-q in our experi-
mental setup is given by ξmax ≤ 1/q0 = 13 nm. Apparently, ξ is be-
yond this maximum value toward the low-q side for samples with
high amounts of P123, particularly for the samples W12 and W16.
The meaning of ξ should be related to any particular situation. InTable 1
SAXS structural parameters of the wet gels.
ξ (nm) D Rg (nm)
W0 3.4 (2) 2.2 (2) –
W04 4.5 (2) 2.1 (2) –
W08 8.1 (2) 2.1 (1) –
W12 – 1.9 (1) 14 (3)
W16 – 1.8 (1) 24 (3)practice, it represents the size of an aggregate or a correlation length
in a disordered material and it can be related to a generalized radius
of gyration Rgξ = (D(D + 1)/2)1/2ξ [25].
For the samples W12 and W16 in which ξ is apparently greater
than ξmax ~ 13 nm, we observed that the SAXS intensity exhibits an
additional contribution at low-q which superposes the power-law
contribution. This additional contribution was attributed to an inde-
pendent scattering from large pores, appearing as a result of using
high P123 concentrations, which juxtaposes the mass-fractal struc-
ture responsible for the power-law regime scattering. Such an effect
has been observed in other fractal systems of TEOS-derived wet gels
prepared with the addition of poly(vinyl alcohol) [28,29].
Such an additional contribution at low-q was considered in terms
of the scattering form factor of a pore of radius of gyration Rg, scatter-
ing independently, using an approach by Beaucage, which can written
as [30]
I qð Þ ¼ G exp −Rg2q2=3
 
þ F 1=qð Þ erf qRg=61=2
 h i3 4 ð3Þ
where G and F are pre-factors so G/F = V12 / 2πS1, being V1 the volume
and S1 the surface area of such a pore. The experimental SAXS curves for
the samples W12 and W16 were then ﬁtted by the sum of Eqs. (1) and
(3) in order to determine the structural parameters D and Rg (Table 1).
The parameter ξ of the fractal domains of the samples W12 and W16
would be greater than the experimental ξmax ~ 13 nm.
3.2. Aerogels
3.2.1. SAXS
Fig. 3 shows the SAXS results obtained for the set of aerogels A0,
A04, A08, A12, and A16 prepared by supercritical drying (SCD)
(Fig. 3A), the set of aerogels T0, T04, T08, T12, and T16 prepared by
silylation with TMCS and APD (Fig. 3B), and the set of aerogels H0,
H04, H08, H12, and H16 prepared by silylation with HMDZ and APD
(Fig. 3C).
The SAXS curves of the aerogels in Fig. 3 are very similar to those cor-
responding to the wet gels shown in Fig. 2, except by the general larger
values of the fractal dimensionD and smaller values of the characteristic
size ξ of the fractal domains here. The diminution of fractal domain and
the increase ofD are compatiblewith some porosity elimination on dry-
ing. Even the additional contribution to SAXS, superposing the
power-law scattering at low-q in the wet gels with high P123 amounts,
was found to be smaller in the aerogels, being rigorously observed only
in the aerogels A16, T16 and H16. This means that the elimination of
share of the porosity on drying applies equally to the pores belonging
to fractal structure and the pores belonging to the contribution of
Eq. (3). The SAXS intensities of the aerogels were all ﬁtted by Eq. (2),
but the aerogels A16, T16 and H16 were ﬁtted by the sum of Eqs. (1)
and (3). The results of the parameters ξ, D, and Rg (when it was the
case) from the ﬁtting process for the aerogels are shown in Table 2.
The parameter ξ of the aerogels A16, T16 and H16 would be larger
than the experimental ξmax ~ 13 nm.
3.2.2. Nitrogen adsorption
Fig. 4 shows the isotherms of nitrogen adsorption for the aerogels.
The isotherms can all be classiﬁed as being of the type IV in the general
IUPAC classiﬁcation [22], compatible with mesoporous solids, but the
isotherms from aerogels preparedwith high P123 concentrations, par-
ticularly A16, T16, and H16, approximate to that of the type II, indicat-
ing a shifting of the pore size distribution towards the macropore
region. Table 3 shows the experimental values for the speciﬁc surface
area SBET, the total pore volume per mass unit Vp, and the mean pore
size lp. Table 3 also shows the estimated values for the nitrogen bulk
density ρN2 and the mean silica particle size lS of the aerogels, as eval-
uated through the relationships (1/ρN2) = (1 / ρs) + Vp and lS =
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Fig. 3. SAXS intensity for the set of aerogels SCD (A), aerogels APD after silylation with TMCS (B), and aerogels APD after silylation with HMDZ (C). The small circles are experimental
data and the red lines are the ﬁtting of Eq. (2), except for the samples A16, T16 and H16 which were ﬁtted by the sum of Eqs. (1) and (3).
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assumed as the fused silica density (2.2 g/cm3).
The values of SBET of the SCD aerogels are very similar to those of
the APD aerogels. This means that the mean size of silica particle
(lS) building up the network structure of the aerogels is essentially
the same, independent of the drying process (supercritical or APD)
and of the quantity of P123 used in the preparation of the precursor
wet gels, since lS = 4(1 / ρs) /SBET depends essentially on SBET, if
large variations in ρs are not expected. Rigorously, the mean size of
the silica particles (lS) increases slightly with increasing the P123
concentration and it is slightly larger in the APD aerogels when com-
pared with that of the SCD aerogels, as it can be seen from the plots of
lS versus P123 concentration in Fig. 5. The slight increase of lS with the
P123 amount could be due to some polymeric material that remains
incorporated into the silica structure, even after washing thoroughly
and heating at 120 °C for 24 h. The slightly larger values of lS found
in the ADP aerogels with respect to the SCD aerogels could be due
to the hydrophobic material attached on the surface of the silica par-
ticles by silylation. The values of lS were found to be even larger in the
HMDZ-derived APD aerogels when compared with those in the
TMCS-derived APD aerogels, possibly due to the different sizes of
silylating molecules attached on the surface. Of course, all those spec-
ulations about the modiﬁcations on the silica particle size should be
investigated independently by other methods.Table 2
SAXS structural parameters of the aerogels.
ξ (nm) D Rg (nm)
A0 2.1 (2) 2.8 (2) –
A04 2.6 (2) 2.7 (2) –
A08 4.6 (2) 2.6 (1) –
A12 6.8 (2) 2.5 (1) –
A16 – 2.5 (1) 12 (3)
T0 1.9 (2) 2.5 (2) –
T04 3.3 (2) 2.4 (2) –
T08 5.9 (2) 2.4 (1) –
T12 10.4 (2) 2.4 (1) –
T16 – 2.1 (1) 22 (3)
H0 2.7 (2) 2.5 (2) –
H04 3.9 (2) 2.4 (2) –
H08 6.1 (2) 2.4 (2) –
H12 11.5 (2) 2.4 (1) –
H16 – 2.3 (1) 22 (3)Differently from the SBET behavior, the total pore volume Vp of the
aerogels (Table 3) increases signiﬁcantly with increasing the P123
amount and it was found to be signifying larger in the APD aerogels
when compared to the SCD aerogels. The values of Vp were found to
be even larger in the case of HMDZ-derived APD aerogels in compar-
ison to the TMCS-derived APD aerogels. The increase of Vp with the
P123 amount was primarily associated with the enlarging and
shifting toward the macropore region of the porosity belonging to
the mass-fractal structure, because of the increase of the characteris-
tic size ξ of the fractal domains as observed by SAXS. As we will see
from the general correlation of the data, there is a strait quantitative
relation between the characteristic size ξ and the density of the
mass-fractal domain. The polymeric material acts as a ﬁlling space
during the preparation of the gels so to increase the porosity and to
extend the fractal domains of the structure. The increase of Vp in the
APD aerogels with respect to the SCD aerogels demonstrates the efﬁ-
ciency of silylation in preserving the porosity on the subsequent am-
bient pressure drying.
Fig. 5 shows the plots of the mean pore size lp versus P123 concen-
tration, as evaluated from nitrogen adsorption. The mean pore size lp
follows closely the Vp behavior, i.e., increasing with the P123 concen-
tration, being greater in the APD aerogels when compared to the SCD
aerogels, and being larger in the case of HMDZ-derived APD aerogels
in comparison to the TMCS-derived APD aerogels. This behavior is
expected since lp = 4Vp / SBET and SBET was found changing only
slightly for all aerogels.
However, contrary to expectations, the values of lp (and then Vp) of
the samples T16 and H16 (Table 3, Fig. 5) were found to be smaller than
the corresponding values of the samples T12 and H12. This apparent
discrepancy is explained on the basis of the observation that conven-
tional nitrogen adsorption method applied to high porosity silica
aerogels can seriously underestimate the pore volume (and to affect
the pore size distribution) in the nitrogen condensation [31,32]. The
adsorbate/vapor interface in a sparse silica network can adopt a surface
of zero curvature while much of the pores remain empty, which would
not occur in case of cylindrical pores [31]. The extent of the phenome-
non depends only on the density of the network (or just on the lp/ls
ratio), not on its pore size absolute value [31].
To check these hypotheses, an independent measure of the bulk
density by low-pressure Hg-penetration (ρHg) was carried out for
the aerogels with high pore volume, using a mercury penetrometer
operating up to 3.6 × 103 Pa. The results are shown in the last row






































Fig. 4. Nitrogen adsorption isotherms for SCD aerogels (A), APD aerogels after silylation with TMCS (B), and APD aerogels after silylation with HMDZ (C). Open symbols correspond
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from the mercury bulk density ρHg in order to compare them with
those evaluated from nitrogen condensation, using an analogous rela-
tionship lpHg = 4VpHg / SBET, where VpHg = (1/ρHg) − (1 / ρS). The
results are shown in the plots of Fig. 5 as a function of the P123
concentration.
The values of ρHg (Table 3) were found to be smaller than those cor-
responding of ρN2 for the set of aerogels A12-T12-H12 and A16-T16-
H16, while an approximately inverse behavior was found for the values
of themean pore size lpHg in comparison with those from nitrogen con-
densation (Fig. 5). These results show that a large fraction of the poros-
ity in these very low density aerogels is not detected by nitrogen
condensation. However, the values of ρHg and of lpHg of the set of
aerogels A08-T08-H08, prepared with P123 concentration of 0.8 wt.%
(Table 3 and Fig. 5), were found to be in reasonable agreement with
those correspondingly derived from nitrogen adsorption. Thus the
pore volume Vp and the mean pore size lp as determined by nitrogen
condensation seem not to be underestimated for aerogels with P123
concentration smaller than 0.8 wt.%, which corresponds to a set of
aerogels with bulk density larger than about 0.35 g/cm3.
Finally, we wonder about the consistency between the character-
istics of the pore structure associated to the mass-fractal domains, as
determined by SAXS, and the general characteristics of the pore struc-
ture as determined by nitrogen adsorption and mercury pycnometry.Table 3













A0 845 (5) 0.62 (3) 3.0 (2) 2.2 (1) 0.93 (2) –
A04 1013 (9) 1.31 (2) 5.2 (2) 1.8 (1) 0.57 (2) –
A08 983 (5) 1.95 (3) 7.9 (2) 1.9 (1) 0.42 (1) 0.40 (2)
A12 933 (5) 2.02 (1) 8.7 (1) 2.0 (1) 0.40 (1) 0.35 (2)
A16 957 (5) 2.13 (2) 8.9 (2) 1.9 (1) 0.39 (1) 0.36 (2)
T0 958 (4) 1.30 (2) 5.4 (1) 1.9 (1) 0.57 (1) –
T04 940 (5) 1.90 (2) 8.1 (1) 1.9 (1) 0.42 (1) –
T08 912 (8) 2.38 (2) 10.5 (2) 2.0 (1) 0.35 (1) 0.32 (2)
T12 896 (5) 2.65 (2) 11.8 (2) 2.0 (1) 0.32 (1) 0.19 (2)
T16 859 (7) 2.19 (2) 10.2 (2) 2.1 (1) 0.38 (1) 0.17 (2)
H0 925 (5) 1.76 (2) 7.6 (1) 2.0 (1) 0.45 (1) –
H04 916 (5) 2.18 (2) 9.5 (1) 2.0(1) 0.38 (1) –
H08 810 (7) 2.66 (2) 13.1 (2) 2.2 (1) 0.32 (1) 0.35 (2)
H12 859 (5) 2.79 (2) 13.0 (2) 2.1 (1) 0.31 (1) 0.23 (2)
H16 775 (8) 2.11 (2) 10.9 (2) 2.4 (1) 0.39 (1) 0.17 (2)The bulk density ρξ for a mass-fractal domain of the characteristic size
ξ and fractal dimension D, built up by primary particles of character-
istic size r0 and density ρs, is given by [26]
ρξ ¼ ρs ξ=r0ð ÞD−3: ð4Þ
The density ρξ can be assigned to the bulk density of the aerogel
since the meaning of ξ is that for length scales larger than ξ the sys-
tem is essentially homogeneous to SAXS.
Fig. 6 shows the log–log plots of the bulk density (determined by
nitrogen condensation and mercury pycnometry) versus ξ for the
aerogels. The data of the samples A16, T16, and H16 cannot be plotted
in Fig. 6 because ξ is not resolved for this set of samples. We did not
plot the data of the aerogel A0 in Fig. 6 because this sample showed
the highest fractal dimension (D = 2.8), not very far from a homoge-
neous structure (D = 3), contrary to almost all other aerogels that




















Fig. 5.Mean pore size (lp) andmean particle size (ls) of the aerogels as a function of the
P123 concentration (weight %).
2 4 6 8 10 12
0.1
1 D = 2.45 ± 0.06
slope = -0.55 ± 0.06 = (D-3)
ρΝ2 A04, A08, A12          ρΗg  A08, A12
ρΝ2 T0, T04, T08, T12      ρΗg  T08, T12










Fig. 6. The mass-fractal property of the aerogels as probed through the correlation be-
tween the bulk density, as measured by nitrogen condensation (open symbols) and
low-pressure Hg penetration (full symbols), and the characteristic size ξ of the
mass-fractal structure as measured by SAXS.
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line with slope equal to D-3. Fig. 6 shows that Eq. (4) ﬁts reasonably
well the experimental data through a linear ﬁtting procedure, yield-
ing a straight line with slope equal to −0.55 ± 0.06, which gives a
fractal dimension D = 2.45 ± 0.06. This value is in good agreement
with the average value Dav = 2.47 ± 0.10 that can be obtained
from the data of Table 2 for this set of aerogels. Then we conclude
that SAXS and the general data by nitrogen adsorption and mercury
pycnometry are describing essentially the same structural picture.
4. Conclusions
Supercritical drying (SCD) and ambient pressure drying (APD)
aerogels were prepared from the hydrolysis of tethaethoxysilane
with the additions of poly(ethylene oxide)–poly(propylene oxide)–
poly(ethylene oxide) block copolymer (P123). APD was promoted
after silylation of the wet gels with trimethylchlorosilane (TMCS)
and hexamethyldisilazane (HMDZ).
The structure of the wet gels can be described as formed by
mass-fractal domains of the characteristic size ξ and mass-fractal di-
mension D. ξ increases in the nanometric range with increasing the
P123 amount up to extrapolating the experimental limit detectable
by our SAXS setup while D is about 2, independent on the P123
amount. Wet gels with the higher P123 amounts used in present
work also exhibit a class of large pores superposing the pores belong-
ing to the main mass-fractal structure.
The structure of the aerogels are very similar to those correspond-
ing to the wet gels, except by larger values for the fractal dimension
D and smaller values of the characteristic size ξ, which are compatible
with some porosity elimination on drying. The mean size of the silica
particle building up the structure of the aerogels is essentially the
same, approximately independent on the drying process (SCD or
APD) and on the P123 amount. Rigorously, the mean silica particle
size increases slightly with increasing the P123 amount and it was
found to be slightly larger in the APD aerogels, likely due to the size
of the silylating molecule attached on the silica surface.
The pore volume is the most susceptive aerogel property found to
be inﬂuenced by the additions of P123 in the present work. The total
pore volume of the aerogels increases signiﬁcantly with increasing
the P123 amount and it was found to be signiﬁcantly larger in the
APD aerogels when compared to the SCD aerogels. HMDZ was more
efﬁcient than TMCS in preserving the porosity on drying in the pres-
ent work. The pore volume of the aerogels with low density of the
present work is underestimated when measured by nitrogen conden-
sation. The mass-fractal characteristics of the aerogels as determinedby SAXS are straightly correlated and in good agreement with the
bulk density as determined by nitrogen adsorption and mercury
pycnometry.Acknowledgment
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